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Identification of cyclin D1–bound sequences. (A) Distribution of the 2,840 intervals with respect to neighboring genes. Intervals were categorized 
as being upstream of transcriptional start site (TSS), in gene and downstream of TSS, or downstream of the gene. Because some intervals had 
more than 1 associated gene, some were associated with more than 1 term. Upstream of TSS was defined as –10,000 to 0 bp. (B) Peak values 
in the anti-FLAG/CCND1 ChIP-Seq compared with IgG control. The peak values within promoter regions were similar to those 10 kb from the 
transcriptional start site. ActRegs, active regions. Bounds of the boxes denote SD; lines within boxes denote mean; whiskers denote interquartile 
range; symbols denote outliers. (C) Select example of conserved TF motifs enriched within the interval regions associated with cyclin D1. See 
Supplemental Table 2 for the full list of TFs.
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Cyclin D1 associates with genes involved in mitosis. (A) Functional annotation clustering by DAVID of cyclin D1–associated genes, based on 
percent enrichment score of the top hits. (B) Cyclin D1–bound promoter regions (0 to –500 bp) were enriched in genes demonstrating an associa-
tion with CIN (P < 0.0001). (C) Representative tag density profiles of cyclin D1–bound regions and their proximity to the transcriptional start site 
(arrow). Peak values for the intervals are denoted by asterisks. (D) Quantitative PCR on target mRNAs selected based on cyclin D1–associated 
genes. Shown are normalized expression ratios of Ccnd1–/– cells with MSCV-FLAG/CCND1 compared with MSCV-control (n = 4 separate cell 
lines; data are mean ± SEM). (E) ChIP analysis of Ccnd1–/– 3T3 cells transduced with MSCV-FLAG/CCND1 using anti-FLAG antibody. Primers 
were designed against the peak interval sequence.
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Multipolar spindles and centrosome amplification predominate in 














Cyclin D1 rescue of Ccnd1–/– MEFs induces polyploidy and aneuploidy. (A) The expression profile for cyclin D1–induced genes (63) was 
enriched for high CIN score (P < 0.0001). (B) PI staining demonstrated increased polyploidy in cyclin D1–rescued versus control Ccnd1–/– MEFs. 
(C) Quantitation of PI staining based on 3 separate cell lines (mean ± SEM). *P < 0.005. (D, E, H, and I) Representative metaphases from SKY 
of control and cyclin D1–rescued Ccnd1–/– MEFs at P6 (D and E) and 3T3 cells at P23 (H and I). Shown for each is an inverted DAPI image of 
the metaphase (top right), a raw spectral image of the metaphase (top left), and classification of the same metaphase (bottom). (F and J) Chro-
mosomal number across metaphase spreads from control and cyclin D1–rescued Ccnd1–/– MEFs at P6 (F) and 3T3 cells at P23 (J), showing 
the total number of chromosomes for 20 mitotic spreads. Gray shading represents expected deviation from normal at 2N and 4N (± 2 chromo-
somes). P < 0.001, rescue vs. control, χ2 test of association. (G and K) Reciprocal translocations and NRTs in metaphase spreads from control 
and cyclin D1–rescued Ccnd1–/– MEFs at P6 (G) and 3T3 cells at P23 (K), shown as number of events per cell analyzed. The mean distribution 
is represented as a red curve.
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Figure 4
Cyclin D1 induces centrosome amplification and mitotic spindle disorganization. (A and C) Representative confocal maximum Z projections of 
mitotic cells (A; immunostained for α-tubulin [violet] and DAPI [blue]) and prophase, prometaphase, and metaphases (C; immunostained for 
α-tubulin [violet], γ-tubulin [yellow], and DAPI [blue and insets]) from control and cyclin D1–rescued Ccnd1–/– cells. Original magnification, ×60 
NA1.4 oil objective, enlarged ×5 by digital zoom. Scale bars: 5 μm. (B and D) Frequency of mitotic cells with multiple polar spindles (B) and of 
prometaphase/metaphase cells with multiple centrosomes (γ-tubulin) and spindle disorganization (α-tubulin) (D). *P = 0.0289, χ2 analysis. Black 
bar, abnormal centrosome count (i.e., >2); gray bar, normal count (i.e., 2). (E and F) Spindle measurements on maximum Z projections of meta-
phase control and cyclin D1–rescued Ccnd1–/– cells. Data are mean ± SEM. Insets demonstrate metaphase plate (i.e., chromatin; Ch) width and 
length (measured using DAPI stain) and spindle (Sp) width and length (measured using tubulin stain). *P = 0.0486; **P = 0.0087.
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Heat maps displaying genes differentially regulated by cyclin D1 in 
transgenic mouse models. (A) Genes differentially regulated between 
rtTA/CCND1 tumors (n = 3) and normal mouse mammary glands from 
rtTA control mice (n = 2), visualized by hierarchical clustering. (B) The 
most highly differentially regulated genes (Fold>2, B>3) were enriched 
for CIN in the rtTA/CCND1 profile (P < 0.0001). (C) Genes differentially 
regulated between MMTV-CCND1–induced tumors (n = 3) and normal 
mouse mammary glands (n = 2), visualized by hierarchical clustering. 
(D) The most highly differentially regulated genes (Fold>2, B>4) were 
enriched for CIN in the MMTV-CCND1 profile (P < 0.0001).
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Figure 6
Subtype classification of breast cancer microarray samples. (A) Heatmap depicting samples from combined breast cancer microarray datasets 
that were assigned to the 5 breast cancer gene expression subtypes. The predicted ESR1, epidermal growth factor receptor (ERBB2), and 
progesterone receptor (PGR) statuses are shown together with CIN signature score and CCND1 expression level across the 5 subtypes. The 
luminal B subtype receptor status, CIN signature score, and cyclin D1 expression level is outlined. (B) CCND1 transcript level plotted versus 
average CIN signature expression level revealed that the relationship between high CIN score and high cyclin D1 expression was luminal B 
subtype specific (red circle). (C) Kaplan-Meier plot showing differences in metastasis-free status in this dataset (P = 6.4462 × 10–8).
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